The orientation of the biological molecule immobilized on a solid surface has been critical in development of various applications. In this study, orientation of antibody was retained by protecting the antigen-binding site of the antibody prior to immobilization to -functionalized mixed self-assembled monolayer (SAM) of 12-mercaptododecanoic acid and 1-heptanethiol. More importantly, the number of immobilization bonds formed between each antigen-binding site protected antibody molecule and the solid surface was controlled by optimizing the mole fraction of the activated carboxyl group of the linker molecules in the mixed SAM. The amount of antibody used in this study was approximately equivalent to the amount for one monolayer surface coverage. The resulting activity of protected immobilized antibody was about 10 fold higher than that of random immobilized antibody.
INTRODUCTION
Interests in the efficient immobilizations of biomolecules such as enzymes, proteins, antibodies, and DNA [1] [2] [3] [4] [5] [6] on the solid surfaces for biomedical and biotechnological applications have rapidly increased during the last two decades. Immunoassays, affinity chromatography, and DNA microarray [3, 7, 8] are all based on the immobilization of biomolecules on the solid phases for the purpose of clinical diagnostics, food industry and environmental monitoring [9] [10] [11] . Widely used methods for the attachment of antibodies to solid surfaces are physical adsorption, covalent coupling, cross-linking, or entrapment in a gel network [4, [12] [13] [14] . However, since these methods may result in decreased binding activity and selectivity of the antibodies after immobilization due to improper orientations, or denaturing of the antibodies, much effort have been recently put in the development of site-specific immobilization of antibodies [3, [15] [16] [17] [18] . Among these are immobilizing protein A or G first to the solid surface followed by immobilization of antibodies [16, 19] . In another method, azobenzene-containing polymers were used to control antibody orientation [20] . It was reported that the antigen-binding activities of immobilized Fab' fragments of rabbit anti-human IgG with proper orientation were more than 2 fold increase than those with random orientation [15] .
In this study, in order to maximize the natural biological activity of an antibody after immobilization, the antigen-binding sites of the antibody were protected by incubating with its own antigen prior to immobilization. More importantly, the number of chemical bond formed between the antigen-binding site-protected antibody and the solid surface was optimized by kinetic control of the immobilization reaction (protected immobilization, PIM). The resulting activity of the antigen-binding site protected immobilized antibody was significantly increased compared to that of randomly immobilized antibody.
MATERIALS AND METHODS

Chemicals and Reagents
Chemicals for immobilization reaction are purchased from the following sources; (D,L)-thioctic acid (Aldrich, USA), 1-ethyl-3-[3-(dimethylamino)propyl]carbamide (EDC) (Sigma, USA), and N-hydroxysulfosuccinimide (sulfo-NHS) (Pierce, USA). Au-coated slides were purchased from EMF, USA. Mouse anti-DNA monoclonal antibody (IgM) recognizes both single-and double-stranded DNA was obtained from Roche Diagnostics, Germany. Taq polymerase, and deoxy nucleotide mixture (dNTP) were obtained from Takara, Japan. [-
35 S] d-ATP (1250 Ci/ mmole) and scintillation cocktail solution were purchased from NEN and ICN, USA, respectively. Universal and reverse primers were synthesized from Bioneer, Korea. Other chemicals were purchased from Sigma, USA, or from other common sources. added to the reaction mixture. The reaction mixture was heated to 94˚C for 5 min. The PCR profile was 94˚C for 30 sec, 50˚C for 1 min, and 72˚C for 30 sec for 30 cycles, followed by 72˚C for 10 min. We always ran labeling reactions with the non-labeled standard control reaction side by side. After PCR, an aliquot of the control reaction was analyzed on 1.2% agarose gel containing 0.5 g/ml ethidium bromide to confirm the generation of PCR product.
Formation of the
Immobilization of Anti-DNA Antibody and Immunoassay
In order to prepare protected antibody-DNA solution, approximately 0.54 pmol of anti-DNA antibody was incubated with approximately 1.07 pmol of labeled DNA for 1 hr at 37˚C in 0.1 M phosphate buffer (pH 7.4).
Otherwise the concentration of antibody and DNA were indicated in the text. The activated Au surface was incubated with protected Antibody-DNA solution for 30 min at 37˚C, rinsed with a buffer of 1.0 M potassium phosphate, pH 6.7. Randomly immobilized antibody was prepared by the same procedure described above except the incubation with labeled DNA. The antibody immobilized Au-coated glass slides were incubated with approximately 2.0 pmol of labeled DNA for 2 hrs at RT and then washed with TBST (20 mM Tris, pH 7.8, 150 mM NaCl, and 0.05% Tween-20) buffer three times. The glass slides were dried and the -emission was measured with a scintillation counter (Wallac, system 1400, EG&G Co., Finland).
RESULTS AND DISCUSSION
Experimental Scheme
Immobilization scheme of anti-DNA antibody is shown in Figure 1 . In this experiment, Au surface was chosen as a solid phase since it has an advantage over polysac- 3 ] on Au surface was used in this work. Surface carboxyl groups on the SAM were activated using 1-ethyl -3(3-dimethylaminopropyl)carbodiimide (EDC) and sulfo-N-hydroxysuccinimide (sulfo-NHS) to form sulfo-NHS esters. This coupling reaction was performed in 2-(Nmorpholino)ethane sulfonic acid (MES) buffer at pH 6.0 since it is reported that sulfo-NHS ester has longer lifetime at lower pH [23] . Then, anti-DNA antibodies were reacted to be immobilized to the -functionalized SAM through amide bonds. In order to preserve the natural activity of the antibody after immobilization, the antigen-binding site of antibody were protected before immobilization to the Au surface by reactions with its antigen, DNA first to form antigen-antibody complexes followed by the reactions with sulfo-NHS esters (Protected immobilization, PIM). By this way the active sites are excluded from the subsequent immobilization reaction, thus contribute for the antibody to retain the proper orientation after immobilization. For random immobilization (RIM), antibody was immobilized as described above without protection of the antigen-binding sites of the antibody.
Kinetic Control and Protection of Antigen-Binding Site Increased the Activity of Immobilized Antibody
We used the immobilization scheme presented in Figure  1 to immobilize antibodies on the SAM formed on Au surface. Before immobilization, the amount of the antibody required to cover the Au surface to a monolayer was calculated and approximately 0.54 pmol of anti-DNA antibody was used. The number of surface carboxyl group involved in the cross-linking of the antibody to the SMA was also considered. Due to the steric requirement of large bio-molecules, high concentration of surface carboxyl group was found to rather decrease the activity of immobilized biomolecule [24] . Therefore, considering the size of anti-DNA antibody (8.5 nm × 14.5 nm) [2] , mixed monolayer of 12-mercaptododecanoic acid and 1-heptanethiol was employed in our experiment instead of using pure monolayer of 12-mercaptododecanoic acid. Therefore, by controlling the mole fraction of 12-mercaptododecanoic acid in the SAM, the number of the carboxyl group involved in the immobilization of antibodies can be controlled, subsequently the number of antibody immobilized on the surface is controlled. In order to protect the antigen-binding site of the antibody, a 65 bp double stranded DNA (ds-DNA) labeled with 35 S was prepared by polymerase chain reaction (PCR) and about 1.07 pmole of the labeled ds-DNA was used for protection of the two antigen-binding sites in each antibody (Antibody:DNA ≈ 1:2). For RIM, preincubation of the antibody with the labeled DNA step was excluded. After immobilization, glass slides were incubated with its labeled form of antigen, 35 S-labeled ds-DNA. The activities of the immobilized antibodies were measured by counting -emission from antigen-antibody complexes which were formed by incubating immobilized antibodies with 35 S-labeled DNA. Radioimmunoassay is very sensitive to a very small amount of 35 Slabeled DNA, thus enables us to measure a very small amount of immobilized antibody on the surface.
The concentration of carboxyl group in the SAM was varied from 0% to 100% and the activity of immobilized antibody was measured as described above. The PIM antibodies preserved their activity much better than the RIM antibodies resulting -emission from these films are larger throughout the carboxyl group ratio used in this study (Figure 2(a) ). It is very interesting to note that the maximum activities of immobilized antibodies occur at low surface carboxyl concentration of 5% (Figures 2  (a) and (b) ). The activity of the immobilized antibodies by PIM method at 5% of carboxyl group was approximately 10 times higher than the activity of RIM antibody (Figure 2(b) ).
In this experiment we labeled PIM antibodies with 35 S and then immobilization was performed. After these treatments, part of antibodies would lose their activity through kinds of modifications or other unknown mechanisms. If antibodies have been labeled by 35 S, isotopes on inactivated antibodies would not be all released from the Au surface, causing false conclusions. However, it seems that these effects are negligible when we compared the radioactivity acquired from pre-labeled PIM antibodies and not pre-labeled RIM antibodies at higher concentration of carboxyl group (25% -100%) which showed very low radioactivity in both PIM and RIM antibodies (Figure 2(a) ).
In the coupling reaction of antibody with sulfo-NHS ester, either the amino group on the Fc region of the antibody, or the one on the Fab' fragment near the antigen-binding site can react to form an amide bond; the former will preserve the native structure of the antibody and the latter may lose the native structure of the antibody. When the antibody was reacted randomly, it was found that control over the orientation of the immobilized antibody was difficult, and this random orientation of the antibody results in the loss of the activity of the immobilized antibody. However, when the antigen binding sites of the antibody were protected before immobilization, the activity of the PIM antibody was significantly increased compared to that of RIM antibody resulting -emission from these films are much larger as shown in Figure 2 .
In addition to the protection of antigen-binding sites, the increased activity at lower carboxyl group concentration can be explained in terms of number of bonds formed between antibody and the supporting surface. Since there are multiple reaction groups exist on the surface of the antibody as well as the supporting surface, multiple immobilization bonds can be formed between the antibody and the supporting surface. Such non-specific formation of multiple bonds in various region of the antibody can induce structural change and destruction of the biologically active molecule upon immobilization, thereby causing substantial reduction of the antigenbinding activity of the antibody. It seems that it is critical to minimize the number of bonds formed between the antibody and the surface. Our results revealed that about 5% of 12-mercaptododecnoic acid is appropriate to form a minimal number of covalent bond between the antibody and the surface (Figure 2(a) ). At higher concentration of carboxyl groups, where multiple immobilization bonds were expected to formed, the activity of PIM antibody was dramatically reduced and it was similar to that of RIM antibody. This observation supports that the multiple bond formation cause the destruction of antibody's natural structure.
Considering the maximum density of thiol groups on Au is about 0.5 nm [21, 25] , there will be about 100 -200 thiol molecules under the antibody to be immobilized.
Since our results showed the maximum activity of the immobilized antibody was acquired with about 5% of reactive group in the SAM on the Au surface. Theoretically, 5% of the reactive group can produce at maximum of 5 immobilization bonds. Considering that in many available reaction conditions, especially in aqueous solution, the reaction probability of the reaction group is substantially lower than 100%. Therefore, our results suggest that it is likely that only 1 immobilization bond or at most a few bonds are formed between the antibody and the SAM.
Activity of Immobilized Antibody as a Function of the Concentration of the Antibody Used and the Protection Ratio
We prepared different amount of antibodies ranged from 0.07 pmol to 0.68 pmol which is sub-to near-monolayer concentration of antibody. Prepared antibodies were antigen-binding site protected and immobilized on Au surface as described above. The mole fraction of the 12-mercaptododecanoic acid used to introduce carboxyl reaction group on the Au surface with respect to the total moles of the thiol molecules was 5%. The activity of the immobilized antibody was compared and plotted. As shown in Figure 3 , the activity of immobilized antibody was linearly proportional to the concentration of antibody used in this experiment. The activity of the immobilized anti-DNA antibody was measured at different protection ratio from 1: 0.0625 to 1:4 (Figure 4) . The mole fraction of the 12-mercaptododecanoic acid in the SAM was 5%. The activity of the immobilized antibody was increased as the protection ratio increased. PIM antibodies revealed much higher binding activity compared to RIM antibodies throughout the protection ratio used in this experiment. The saturation phenomenon was observed in the PIM case when the molar ratio of the anti-DNA antibody to the ds-DNA used for protection was in the range of 1:1 ~ 1:2. Since there are two antigen-binding sites for each antibody, it is very reasonable that the binding activity of immobilized antibody reaches maximum when the protection ratio increased from 1 to 2. This data support the previous results described above that the antigen-binding sites were protected by formation of the antigen-antibody complex.
In conclusion, we report on the development of a novel method to immobilize an antibody on the solid surface by using a PIM method and kinetically controlling the number of chemical bond formed between the protected antibody and the solid surface. The resulting antigen-binding activity of protected immobilized antibody was about 10 fold higher than that of random immobilized antibody. This method could have wide application in production of various bio-chips.
